of both series and parallel is adopted by several automobile companies like Toyota Prius and Ford Escape Hybrid.
The advance of fuel economy in HEV particularly relies on the employed power management strategy. In the past time, many researches focus on the rulebased speed strategy for the engine and motor [2] , [3] or a lot of the globally optimal solutions like DP-based algorithm [4] , [5] . However, when taking the solution of the rule-based speed strategy for the engine and motor on HEV, we would meet the problems which are that the strategy is different from the physical truth and the mechanical braking isn't thought so that the ruledbased speed strategy can't be used on HEVs. Furthermore, if we assume to acquire the information of the prospective driving conditions, the globally optimal solution for a model of HEV is effective. Unfortunately, it is impossible to know the total driving conditions in actual situations. So, we need to propose an energy management which can be applied to take simulation analysis for practical driving cycle of a HEV.
Consequently, the purpose of this paper is to propose a kind of the ruled-based energy management of a power-split HEV based on the Toyota Prius energy management system [6] . We come up with the PMS that is composed of the optimal distribution strategy of engine operating points, the control methodology of motor torque, the strategy of generator and the charge sustaining-based battery control. The forward simulation model is built in MATLAB/Simulink, and the results show the ruled-based PMS is valid. Figure 1 illustrates a structure diagram of a powersplit HEV which is discussed in this paper. In this configuration, the engine and the generator are respectively connected to the planet carrier and the sun gear of a planetary gear. The planet carrier transmits a part of power of the engine to the sun gear for generating electricity from the generator. The other part of power of the engine is combined with the motor
Power-split powertrain

Abstract
A power-split hybrid electric vehicle has the advantages of both series and parallel HEVs by using a planetary gear to combine or split the power of an engine, a motor and a generator. Due to the different operation modes of a power-split HEV, finding a near optimal and practical energy management control strategy is quite necessary. The paper proposes a kind of the ruled-based strategy of a power-split HEV, which can be applied to take simulation analysis for practical driving cycle. The strategy is made up of the optimal distribution strategy of engine operating points, the control methodology of motor torque, the strategy of generator and the charge sustaining-based battery control, respectively. The simulation results compared with the results of the DP-based optimal algorithm show the ruled-based control strategy is valid. 
Keywords
Introduction
HEVs represented as a new generation of the green vehicle become a hot research point, which have improved fuel economy owing to battery and one or more electric motor provided that allow a smaller ICE running in a higher efficiency area [1] . Among all the structures of a HEV powertrain, the power-split as a category of parallel-series which haves the advantages through a torque coupler and output to the drive shaft. Due to having different possible power flows for the power-split powertrain, the engine operating points can be considered as decoupled from the ground [7] . Moreover, the battery is able to collect or release energy. These both make HEV have more efficient and flexible energy management to reduce fuel consumption and emissions better. 
Power management strategy
Based on the performance design requirement, the energy management is used to allocate the driving torque demand or power demand to let the power components operate in their most efficient regions so as to minimize fuel consumption. Figure 2 shows the rule-based PMS flow of the power-split powertrain. The operation mode depends on the accelerator pedal opening and brake pedal opening obtained by the vehicle desired speed. Accelerator pedal opening corresponds to the driving torque demand and the engine power demand respectively. When the engine power demand is lower than 7.5kW, the vehicle is in the pure electric mode so that the engine doesn't run. When the engine is running, the real engine power is decided by the engine power demand and the battery SOC together. We utilize the optimal distribution strategy of engine operating points to obtain the best choice of the engine torque. When the vehicle is braking, the brake pedal opening corresponding to braking torque demand is not zero. When the braking torque demand is greater than 150 Nm, the mechanical braking torque will appear. Otherwise there is only the regenerative braking torque of the motor.
The optimal distribution strategy of engine operating points: According to the engine characteristic curve, each desired output power of the engine can receive a minimum fuel consumption speed and torque. Hence, this speed and torque are regarded as the target of the engine operating point. And many engine operating points constitute an optimal operating line.
Figure 2 the rule-based PMS flow
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The control methodology of motor torque: When the vehicle is in the driving state, the motor torque is gotten by the driving torque demand minus a part of engine torque through the planetary gear. When the vehicle is in the braking state, there are two cases based on the braking torque demand. If the demand is less than 150 Nm, the regenerative braking of the motor will work for braking. If not, the motor torque is fixed at -150Nm.
The strategy of generator: As the battery needs charging and the engine is running, the generator is controlled by its desired torque. At other times, the strategy is a speed control strategy of the generator.
The charge sustaining-based battery control: We have a negative correlation between battery SOC and the output power of the engine. It means the lower SOC, the higher engine output power. By the charging and discharging of the battery, make the SOC stability.
Simulation analysis
Along with the actual power-split HEV configuration, in accord with the above PMS, we build a power-split powertrain model of a HEV in MATLAB/Simulink, as Figure 3 . At the same time, we built a power-split powertrain model of DP-based algorithm in NEDC in order to be used as a benchmark of the rule-based PMS. In DP-based algorithm model, the state variable is battery SOC. The control variables are engine torque and engine speed.
After modeling, the real vehicle velocity following the desired vehicle velocity based on NEDC is shown in Figure 4 . We can find the real vehicle velocity follows the desired vehicle velocity very well. Engine operating points of the DP-based algorithm Figure 5 and 6 direct the engine operating points of the rule-based and DP-based energy management. The engine operating points of the rule-based algorithm converge on the engine optimal economic curve. It illustrates that this model achieves the optimal distribution strategy of engine operating points. But in contract, DP-based algorithm has a better ability to make the engine work in an optimal economic area. The fuel consumption in NEDC condition is 4.1L/100km, which is close to the fuel consumption of Toyota Prius. For the same battery SOC consumption, the DP-based algorithm fuel consumption is 3.5L/100km, which is close to the fuel consumption of the rule-based PMS. It means this ruled-based PMS is effective and practical.
Conclusion
The forward simulation model of a power-split HEV is established. By analyzing the energy management system of the Toyota Prius, a kind of the rule-based strategy is put forward. The proposed algorithm is consisted of four parts, that is, the optimal distribution strategy of engine operating points, the control methodology of motor torque, the strategy of generator and the charge sustaining-based battery control, respectively.
The simulation results indicate that the battery SOC keeps stable around the initial reference value. The fuel consumption reach to 4.1L/100km under NEDC, which illustrates a promising level compared with DPbased algorithm benchmark. The above results prove the effectiveness of the proposed algorithm for powersplit HEV.
